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ABSTRACT

In this study, rice husks functionalized with H3PO4 and NaOH (FRH) were evaluated as an adsorbent
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for the removal of Zn?* ions in a continuous system. Breakthrough curves were obtained at different bed
heights (5, 10, and 15 cm, at 5 meq L") and initial metal concentrations (3, 4, and 5 meq L', at 15 cm),
from which column sizing and kinetic modeling were performed. As a result, increasing the metal load
in the system’s feed solution reduced the bed’s saturation time (is.), while increasing the adsorbent
height prolonged this parameter’s value. Efficiencies of 69.44% and 68.87% were obtained for the 15 cm
at 3 meq L' and 10 cm at 5 meq L' configurations, respectively. The modified dose-response model
(MDR) provided the best fit for most of the evaluated conditions, yielding a quor 0of 1.22 meq g' for the
5 cm bed at 5 meq L-'. Surface characterization revealed the presence of functional groups responsible
for the affinity of FRH toward Zn2* ions, while electrochemical and metal speciation analyses indicated
pH 5 as the most favorable condition for conducting the tests. Thus, the FRH adsorbent demonstrated
satisfactory performance in the removal of Zn?* under continuous-flow conditions, highlighting not only
the use of a low-cost agro-industrial waste as raw material but also for the integration of experimental
research, kinetic modeling, and fixed-bed column sizing, aspects essential for obtaining useful
parameters for design from the laboratory to industrial applications. Therefore, the material’s potential
for use in continuous treatment systems for effluents containing heavy metals was demonstrated,
contributing to the development of technically viable adsorption technologies applicable on a full-scale

basis.

1. INTRODUCTION

The degradation of natural resources is the result of human activities and the
unregulated expansion of industrialization across various economic and social sectors
(Vareda et al., 2019; Adane et al., 2021). The improper disposal of industrial waste
has generated significant environmental impacts, posing serious risks to public health
and potentially causing lasting damage to ecosystems (Kanu et al., 2011; Li et al.,
2021). Among the most concerning pollutants are heavy metals, substances with high
density and molecular mass that can accumulate in the environment and be absorbed
by living organisms, promoting phenomena such as bioaccumulation and
biomagnification throughout food chains (Tchounwou et al., 2012; Kahlon et al., 2014;
Bonsignore et al., 2018). Among these elements, zinc stands out as the 23rd most
abundant in the Earth’s crust and is widely distributed across environmental
compartments. Its main emission sources are associated with industrial and
agricultural practices, such as mining, smelting, waste incineration, fertilizer use, and
pesticide application (Broadley et al., 2007; Cloquet et al., 2008; Li et al., 2011;
Tsonev; Cebola Lidon, 2012).

Conventional methods used in water and wastewater treatment, such as
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coagulation, flocculation, biological stages, rapid filtration, and disinfection, are
insufficient for the selective removal of heavy metals (Pai et al., 2020; Saleh et al.,
2022). Due to this limitation, advanced technologies are gaining ground in the tertiary
treatment of heavy metals, including processes such as adsorption (Fagundes-Klen et
al., 2010), electrocoagulation (Bazrafshan et al., 2015), membrane separation (Zeng
et al.,, 2016), and photocatalysis (Alshahateet, 2022). Among these alternatives,
adsorption stands out for its high efficiency in refining heavy metal concentrations, as
well as its ability to operate under various conditions and allow the use of multiple types
of adsorbents, both traditional and innovative (Wang et al., 2012; Chai et al., 2021). In
this context, low-cost adsorbent materials, especially those derived from agro-
industrial waste, have been explored for the treatment of zinc-containing effluents and
can be applied with little or no prior processing (Kurniawan et al., 2006). Examples
include biomass derived from various agricultural byproducts, such as sawdust, bark,
and leaves, due to their carbon-rich lignocellulosic composition (Karim et al., 2023).
Rice (Oryza sativa L.), a member of the Poaceae family and classified as a
monocot, is one of the world’s most agriculturally important cereals, alongside maize
and wheat (Syuhadah et al., 2012; Landi et al., 2017). During harvest, rice husks
account for approximately 20% of the total grain mass, constituting an abundant
byproduct with potential for various technological applications (Kumar et al., 2013;
Arjmandi et al., 2015; Chaudhari et al., 2018). This biomass possesses
physicochemical characteristics that make it a promising material for adsorption, such
as its granular structure, insolubility in aqueous media, significant chemical resistance,
and high mechanical robustness, which favor its use in water and wastewater
treatment (Ahmaruzzaman, Gupta, 2011; Arena et al., 2016). In addition, rice husks
possess a protective layer containing between 15 and 20% silica, giving them a special
affinity for heavy metals, whose removal occurs primarily through surface
complexation and ion exchange processes (Park et al., 2023). Due to these properties,
the adsorption efficiency of raw rice husks can be enhanced through specific
pretreatments and chemical functionalizations, involving impregnation with oxidizing
agents and dehydrating substances (Chakraborty et al., 2011; Zhang et al., 2014).
Although materials analogous to rice husks are commonly used in the removal
of heavy metals, most studies reported in the literature focus predominantly on
quantifying adsorptive capacity in batch systems, with little attention given to a detailed
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analysis of behavior in continuous operations. With regard to rice husks, there is a
scarcity of research focused on their performance in fixed-bed columns, including
aspects of mass transfer, breakthrough, and kinetic modeling of the process
(Agbozu, Emoruwa, 2014; Das, 2024; Yogeshwaran, Priya, 2021). This gap
compromises the robustness of the available technical and scientific basis, as it
disregards the particularities inherent to the continuous operating regime involving a
byproduct with high reuse potential. Consequently, the understanding of the system’s
behavior remains incomplete under conditions representative of full-scale application,
particularly regarding process dynamics along the bed. Given this scenario, the
present study aimed to investigate the performance of rice husks functionalized as an
adsorbent in the removal of Zn?* in a fixed-bed column, with a focus on design
parameters applicable at the full-scale level. To this end, the material was physically
and chemically characterized and implemented in a continuous system, based on
which the column was sized and kinetically modeled under various operating

conditions.

2. MATERIALS AND METHODS

2.1. Preparation and processing of the biomass

Raw rice husks were commercially purchased and subjected to a pretreatment
(Scheufele et al., 2016), which consisted of washing the husks with running water and
reverse osmosis water, drying them in an oven with convective air circulation at
35 = 1°C, grinding, and sieving (0.30 and 1.40 mm). The material thus obtained was
designated RRH.

2.2. Preparation of zinc solution

To conduct the experiments, synthetic Zn?* solutions were prepared from
analytical-grade ZnCl; salt at concentrations of 3, 4, and 5 meq L', via dissolution in
reverse osmosis water. Concentrations of NaOH (0.1 mol L-') and HCI (0.1 mol L)
were used to adjust the pH of the zinc solutions to a value determined according to

the metal speciation diagram. The distribution of Zn?* chemical species as a function of
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pH (speciation diagram) was investigated using the Medusa software (Make
Equilibrium Diagrams Using Sophisticated Algorithms), via the Hydra interface
(Hydrochemical Equilibrium Constant Database). For the simulation, a pH range
between 2 and 12 was defined, adopting equilibrium concentrations corresponding to
3,4,and 5 meq L.

2.3. Production of the rice husk adsorbent

The material obtained from the pretreatment (RRH) underwent chemical
functionalization via sequential acid and base treatment (Figure 1), following a
methodology adapted from Mddenes et al. (2017) and Schneider et al. (2024).

The acid treatment consisted of immersing 10 g of RRH in 1 L of phosphoric
acid (HsPOa4) solution at 1 mol L-" for 30 min at 80 + 1°C under constant stirring at 100
rpm. After this period, the solid material was separated from the residual liquid using
a 45 ym mesh sieve and dried in a forced-convection oven at 105 + 1°C for 24 h. The
dried material was washed with running water and reverse osmosis water, and
subjected to alkaline treatment. In this step, the same treatment procedure was
followed, but now using 1 L of sodium hydroxide (NaOH) solution at 1.0 mol L-'and at
room temperature (approximately 30°C).

After further separation and drying for 24 h, the material was washed again with
running water and reverse osmosis water to remove any remaining base residues, and
then kept for another 24 h in an oven at 105 £ 1°C to ensure complete removal of
residual moisture. The adsorbent resulting from the functionalization of rice husks with

acid and base treatment was named FRH.




Figure 1. Production of FRH adsorbent
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2.4. Characterization of the materials

The pretreated raw biomass (RRH) and the chemically functionalized adsorbent
(FRH) were characterized using point of zero charge (pHrzc) and Fourier Transform
Infrared Spectroscopy (FTIR) techniques to evaluate the structural differences

between the original and modified materials.

2.4.1. Point of zero charge

The evaluation of the electrical charge profile present on the surface of RRH
and the FRH adsorbent was performed based on the determination of point of zero
charge (pHrzc), according to the acid-base titration procedure described by Davranche
et al. (2003) and based on the surface complexation model developed by Stumm
(1992), with methodological adaptations. To this end, 5.0 g of each material were
added to Erlenmeyer flasks containing 125 mL of sodium nitrate (NaNO3) solution at
0.1 mol L', with an initial pH close to neutrality (7.0). In one sample, titration was
performed with nitric acid (HNOs) at 0.1 mol L', while in the other, titration was
performed with sodium hydroxide (NaOH) at 0.1 mol L-'. The volume added and the
corresponding pH were continuously monitored throughout the entire process. The
analyses were conducted over a pH range of 2 to 12, starting from an initial condition
close to neutrality. From this point, the system was subjected to two variation
trajectories: acidification, achieved by the controlled addition of acidic solution up to




pH 2, and alkalization, performed by the addition of alkaline solution until pH 12. Based
on the difference in added volumes and the corresponding pH values, it was possible

to estimate the surface charge (Q), expressed in mol g, using Eq. (1).

_ (Ca=Cp)+[OHT]-[H™]

Cs (1)

Q

Where C; and C;, are the concentrations of HNO3 and NaOH (mol L), respectively,

Cs is the concentration of adsorbent (g L-'), and [OH-] and [H*] are the concentrations
of hydroxide and hydrogen ions in solution (mol L), in that order. In the acid titration,

Cp was set to zero, whereas in the base titration, C; was zero.

2.4.2. Surface groups

The characterization of the functional groups present on the surface of RRH
and the FRH adsorbent was performed using Fourier Transform Infrared Spectroscopy
(FTIR), employing the PerkinEImer FTIR/NIR Spectrometer. The analysis followed the
diffuse reflectance method in a potassium bromide (KBr) matrix, as described by
Madejova (2003). Each material (RRH, FRH, and KBr) was first dried in an oven at
105 £ 1°C for 24 h and ground to a particle size of less than 50 ym; the pellets were
prepared with 0.005 g of adsorbent and 0.1 g of KBr. To acquire the spectra, 32 scans
were performed with a spectral resolution of 4.0 cm™!, covering the spectral range
between 4000 and 450 cm-".

2.5. Fixed-bed column adsorption study

Based on the experimental conditions adopted by Do Nascimento et al. (2022)
and Gupta and Garg (2019), fixed-bed column tests were conducted to study zinc
removal. For this purpose, a glass column 30 cm tall, with an internal diameter of 1 cm
and an external diameter of 3 cm, was used, resulting in a cross-sectional area of
0.7854 cm?. The experimental setup (Figure 2) consisted of inserting the FRH
adsorbent packed inside the column, forming the fixed-bed. The adsorbent material was
manually packed into the column in successive fractions, ensuring homogeneous

distribution along the bed height. After addition, the bed was lightly compacted by gently
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tapping the column to promote settling of the material and minimize the formation of
preferential channels. The same packing procedure was adopted for all bed heights
evaluated, ensuring experimental reproducibility. The mass of adsorbent used was
adjusted proportionally to the bed height (5, 10, and 15 cm), maintaining the same particle
size fraction in all tests.

The system was fed with a zinc solution in a continuous upward flow, with a flow
rate of 5 mL min~', controlled by a peristaltic pump and selected based on preliminary
tests to balance an adequate hydraulic residence time with an acceptable pressure
drop in the packed bed. To ensure uniform fluid distribution and minimize preferential
channels, 0.25 cm diameter glass beads were placed at the top and bottom ends of
the column. A thin layer of cotton was added between these beads and the packed bed
to retain any fine particles of the adsorbent, preventing their discharge with the effluent.
The feed solution was maintained at 30 £ 1°C in an ultrasonic bath to ensure thermal
stabilization and adequate dispersion of the metal.

In these experiments, the effect of the initial zinc concentration and bed height
on zinc removal efficiency was evaluated by varying the initial concentration of the
metal solution (3, 4, and 5 meq L") for a 15 cm bed height, and the adsorbent bed
height (5, 10, and 15 cm) for 5 meq L of zinc. This approach allowed for the
independent analysis of each factor on the sizing parameters and the modeling of the
adsorption process. Samples were collected at regular intervals throughout the
column’s operating time, which ranged from 1 minute until saturation, for subsequent

determination of the residual zinc concentration in the liquid phase.




Figure 2. Fixed-bed adsorption system
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2.5.1. Quantification of zinc

The concentration of zinc present in the column effluent was determined using
Energy-Dispersive X-ray Fluorescence Spectrometry (EDX). The collected solutions
were stored in polypropylene sample bottles and analyzed in analytical duplicate on a
Shimadzu EDX-7200 benchtop spectrometer, equipped with a 10 mm collimator and
operating in an air atmosphere. Instrumental parameters included an acceleration
voltage of 50 kV and automatically adjusted current. The effective acquisition time was
100 seconds, with a dead time of 30% established, considered ideal for ensuring good
spectral counting without overloading the detection system. Zinc quantification was
performed specifically in the energy range of 8.44 to 8.84 keV, corresponding to the
element’s Ka line emission. Readings were taken on the channel dedicated to Zn, with

accumulated pulses recorded over intervals of up to 40 seconds.
2.6. Column sizing
After determining the zinc concentrations, breakthrough curves were plotted by

correlating C/Cy and t (min), based on which the columns were sized and their kinetics

modeled using OriginPro v.10.3 software. The working capacities of the adsorbent




bed, both at the saturation point (qs) and at breakthrough (qy), expressed in meq g™,
were obtained based on a mass balance applied to the fixed-bed system. These
parameters were calculated using Eq. (2) and Eq. (3), as described by Borba et al.
(2008), Cren et al. (2009), and Do Nascimento et al. (2022). The integrals in the
expressions can be solved analytically using a polynomial approximation of the
concentration-time function, or by numerical integration via the trapezoidal rule,
allowing for the accurate estimation of the areas under the experimental curves (Da
Silva et al., 2002).

qs — C;)n_Ffots,u (1 _ Cio) dt _ th:lco (2)
qb — C()?Ffotb,u (1 _ Cio) dt _ thflco (3)

Where Cy and C correspond, respectively, to the solute concentrations in the
feed and in the column effluent (meq L"), m represents the mass of adsorbent used
(9), F is the volumetric effluent flow rate (L min'), V; refers to the total volume occupied
by the bed (L), and ¢g indicates the porosity of the bed. The instantaneous saturation
time of the column, ts (min), corresponds to the moment when the ratio C/Cy reaches
a value of 1, while the breakthrough time, t, (min), was defined as the time when C/Cy
equals 0.01. This criterion was based on a conservative and regulatory approach. The
choice is justified by the fact that zinc levels above 3 mg L' (0.09 meq L) can
compromise the organoleptic quality of water, giving it turbidity and a metallic taste,
according to guidelines from the World Health Organization (WHO, 2011). At the same
time, the value complies with the discharge limit of 5 mg L' (0.15 meq L") established
by CONAMA Resolution No. 430 (BRAZIL, 2011). Thus, as can be seen in Table 1,
the column outlet concentrations remained within both criteria for all experimental

conditions.
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Table 1. Zinc concentration at the beginning and at column rupture (C/Co = 0.01), in meq L' and mg L-
1

Initial zinc concentration (Co) Final zinc concentration (C)
meq L' Corresponding value in mg L meq L' Corresponding value in mg L
98.07 0.03 0.9807
130.76 0.04 1.3076
163.45 0.05 1.6345

Source: Authors (2026)

The efficiency of the adsorption column (n) (%), based on the process’s useful
saturation and breakthrough capacities, was predicted using Eq. (4) (Yagub et al.,
2015).

qp
n= ElOO (4)

The useful bed saturation time (ts ) and the useful breakthrough time (t».u), both
expressed in minutes, were determined based on Eq. (5) and Eq. (6), according to the
procedures described by Kapur and Mondal (2016) and Juchen et al. (2021). The
parameter ts, is related to the area located above the breakthrough curve up to time
ts, while t,, corresponds to the area bounded up to time t,, these integrals

representing the temporal efficiency of the bed before saturation and breakthrough,

respectively.
ts,u == fOtS (1 - Cio) dt (5)
o= f," (1) de (6)

The effective height (H,) (cm) and the unused height (Hung) (cm) of the bed were
calculated using Eq. (7) and Eq. (8), considering H; (cm) as the total height. Although
Hune and the mass transfer zone (MTZ) are numerically equivalent, the MTZ
corresponds to the region where the main adsorption processes occur, characterized
by the concentration gradient between the saturated and unsaturated zones of the bed
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(Pereira et al., 2006; Kumari et al., 2021).

thu
H, = tl:_’th (7)
HUNB = ZTM = Ht - Hu (8)

The bed porosity (e8) was determined using the ratio of the void volume (V;) (L)
to the total column volume (V;) (L), as expressed in Eq. (9), where V, is the volume
effectively occupied by the adsorbent material (L) (Veit et al., 2009; Barquilha et al.,
2017). The apparent bed density (pg) (g L") and the interstitial flow velocity (u:)
(cm min") were calculated using Eq. (10) and Eq. (11), respectively. In this case, Ast
represents the cross-sectional area of the solution flow within the column (cm?)
(Sulaymon; Ahmed, 2008). Furthermore, the ratio between the mass of adsorbent and

the total height of the bed (mn) (g cm™') was calculated using Eq. (12).

g, = 1;_? Vt;tva 9)
L= (10)
U= e (11)
my = o (12)

2.7. Kinetic modeling of the column

2.7.1. Thomas model

The model proposed by Thomas in 1944 (Thomas, 1944), formalized in
Eq. (13), is widely used to describe adsorption dynamics in fixed-bed columns. Its
theoretical approach assumes that the system reaches equilibrium according to the
Langmuir isotherm and that the kinetics of the process are governed by a second-
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order reversible reaction. The application of this model allows for the estimation of the
maximum retention capacity of the adsorbate in the solid matrix. However, it
disregards any diffusive resistances, both external and intraparticle, which can
significantly influence the process performance under real-world conditions (Hu et al.,
2019; Patel, 2019).

== : (13)

Co 1+exp(kt(@—cot)>

Where k; is the Thomas kinetic coefficient (L meq'min'), qs is the maximum

adsorption capacity predicted by the model (meq g'), and t is the process time (min)
(Ahmed, Hameed, 2018).

2.7.2. Yoon-Nelson model

The model proposed by Yoon and Nelson (Yoon, Nelson, 1984), originally
designed to describe the adsorption of gases on activated carbon, is based on the
assumption that the solute removal rate depends on both the remaining concentration
and the proportion of the bed capacity already utilized. Although its application is
limited to systems containing a single component, the mathematical expression
associated with the model, presented in Eq. (14), is simplified and does not require
detailed data on the specific characteristics of the adsorbate and the adsorbent
material (Hamdaoui, 2006; Baral et al., 2009; Jang and Lee, 2016).

£ — exp(kYNt_kYNT) (14)
Co 1+exp(kynt—kynT)

Where kyn is the Yoon-Nelson kinetic coefficient (min-') and 7 is the adsorption

time required for 50% column breakthrough (min) (Hanen, Abdelmottaleb, 2013).
2.7.3. Modified dose-response model
The modified dose-response (MDR) model, proposed by Yan et al. (2001), was

based on experimental results and statistical analyses related to the biosorption of
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heavy metals in continuous systems. As discussed by Song et al. (2011), and Xu et
al. (2013), this approach aims to improve data calibration by correcting distortions
observed at extreme time intervals during operation, a common limitation of the
Thomas model. Thus, the MDR constitutes a more effective tool for describing
adsorption behavior in fixed-beds, ensuring greater accuracy in predicting the

saturation of the adsorbent material. The model formulation is presented in Eq. (15).

Cio =1- 1+(. CoFlt )“MDR (15)

dMDR™

Where avpr is the MDR exponential rate constant and gupr represents the maximum

adsorption capacity predicted by the model (meq g') (Zhao et al., 2014).
2.7.4. Adams-Bohart model

The model developed by Adams and Bohart (1920) (Bohart, Adams, 1920) is
based on adsorption kinetics governed by a reaction of approximately first order, as
can be seen in Eq. (16). This method assumes that the capture rate of the adsorbate
is linked both to the concentration of the solute in the liquid phase and to the availability
of active sites on the adsorbent material within the column (Malik et al., 2018; Zeng et
al., 2023). Where Kag is the Adams-Bohart kinetic constant (L meq™ min-') and qe is
equivalent to gs (meq g') (Wang et al., 2024).

dq (t,H
% = Kap(qe — q; (t,Ht))C (16)

The analytical solution for Egq. (16), developed by Amundson (1948)
(Amundson, 1948), is based on the initial conditions and the boundary condition
represented by Eqgs. (17), (18), and (19), respectively, and is given in Eq. (20).
C(0,H) =0 (17)

q(0,H) =0 (18)
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0, t=20
60 ={¢ ¢35 (19)
() t < tres
Co (eAAB+e BAB—1)eBaB’ > lres

Where ts denotes the residence time of the adsorbate in the column (min), given by
Eq. (21), and Aag and Bag are dimensionless parameters of the Adams-Bohart model,
given by Eq. (22) and Eq. (23), respectively. The variables aag and Bas (min-') are
predicted by Eq. (24) and Eq. (25), in that order (Borba et al., 2008).

tres = 0 (21)
Aup = Hi’% (22)
By = b (23)
ayp = 22 (24)
Bas = KuapCo@ap (25)

2.7.5. Bed depth vs. service time model

The bed depth vs. service time (BDST) model, proposed by Hutchins (1973) and
based on the Adams-Bohart equation, linearly relates bed height to column operating
time, assuming that adsorption is controlled by the reaction at the adsorbent surface.
Its mathematical expression, represented by Eq. (26), disregards the effects of
external mass transfer resistance and intraparticle diffusion, as is the case for the
Thomas model (Taty-Costodes et al., 2005; Xu et al., 2013; Shanmugam et al., 2016;
Chu, 2023).
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c 1
e 1 (26)
Co 1+exp(7BDSJZZPL t—KBDSTCOt)

L

Where Kgpst is the BDST kinetic constant (L meq™' min') (Dabbagh et al., 2016).
2.7.6. Clark model

The model developed by Clark (1987), presented in Eq. (27), describes fixed-
bed adsorption using fractional-order kinetics based on the Freundlich isotherm, which
is suitable for heterogeneous surfaces and adsorption not limited by a fixed maximum
capacity (Hu et al., 2024). Furthermore, the model recognizes that mass transfer
processes exert a significant influence on the shape of the breakthrough curve.
Specifically, diffusion through the fluid film is attributed as the rate-limiting step of the
system, indicating that the resistance in transporting the adsorbate to the adsorbent

surface is the main factor controlling the adsorption kinetics (Malik et al., 2018).

o _ S (27)

(1+Acexp(-rct))"F~1

Where Acis the dimensionless Clark constant, rc is the kinetic coefficient of the model
(min'), and ng corresponds to the characteristic exponent of the Freundlich isotherm
(Hanbali et al., 2014).

2.8. Statistical analysis

The kinetic model that best described the experimental data was evaluated
using the coefficient of determination (R?), the objective function (OF) represented by
Eq. (28), and the mean absolute error (MAE) indicated by Eq. (29). Meanwhile, the
mean relative deviation (RDmean) (%) between the equilibrium adsorption capacity
predicted experimentally (ge.exp) and calculated by the model (Qecal) Was determined
by Eq. (30).

2
OF = Y1, (y/? — yo?) (28)
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1
MAE = =31 |y =y (23)

RD,oan (%) = [eerp=decal 1 5 (30)

deexp

Where the terms y® and y™d9 correspond, respectively, to the experimentally
obtained values of the dependent variable and the values estimated by the model, and

n represents the total number of experimental data points
3. RESULTS AND DISCUSSION
3.1. Zinc speciation diagram

The zinc speciation diagram as a function of pH for different initial
concentrations of the metal (3, 4, and 5 meq L") is shown in Figure 3, from which it
can be observed that the metal remains predominantly in the ionic form up to pH 7 for
all analyzed concentrations. In more acidic media, especially at pH 5 or lower, the
predominant species is the Zn?* cation. As the pH approaches neutrality, between 5
and 8.5, an increasing presence of the ZnOH™ ion is observed, whose fraction reaches
0.2 at pH values between 6.9 and 7.1. However, at pH values above 6.9 (3 meq L"),
7.0 (4 meq L), and 6.75 (5 meq L"), the system begins to favor the formation of zinc
oxide (ZnO), which becomes predominant at pH values above 7.5. Therefore, to avoid
ranges where metal precipitation could occur, the zinc solutions used for the fixed-bed

adsorption experiments were adjusted to pH 5.
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Figure 3. Zinc speciation diagram as a function of pH for: (a) 3 meq L, (b) 4 meq L' e (c) 5 meq L'
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3.2. Characterization of the materials

3.2.1. Point of zero charge

Figure 4 shows the distribution of positive and negative charges on RRH and
FRH. The analysis of the surface behavior of these materials reveals striking contrasts
between the pretreated raw biomass (RRH) and the chemically functionalized
adsorbent (FRH). RRH exhibits a broad region near electrochemical neutrality, ranging
from pH 3.29 to 10.70, with a point of zero charge (pHrzc) at 6.09. This variation,
centered on values close to equilibrium, indicates the prevalence of weak or poorly

ionizable functional groups, as commonly observed in non-functionalized
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lignocellulosic materials. Consequently, the surface of the natural solid exhibits a low
density of charged active sites, which significantly limits interactions with metal species
in solution. The pHpzc of RRH was close to those obtained by Banerjee et al. (2019)
in the analysis of peanut shells (6.21) and almonds (6.10), and by Ouldmoumna et al.
(2013) in cardoon (Cynara cardunculus) (6.25). Regarding raw rice husks, the value
reported by El-Shafey et al. (2016) was 5.98, while that reported by Lugo-Arias et al.
(2025) was 6.00, both close to the value recorded in this study.

In contrast, the FRH adsorbent exhibited a charge distribution close to
electrochemical neutrality only in the region between pH 8.48 and 10.76, with pHPZC
at 9.60 (Figure 4). This difference, when compared to RRH, is associated with the
structural modification promoted by the functionalization of FRH with NaOH, which is
responsible for the incorporation of alkaline functional groups, such as carboxylates (-
COO-) and hydroxyls (OH-), into its cellulose matrix (Beig, Shah, 2023). Although the
electrostatic attraction between the surface and zinc cations is theoretically favored at
pH values above pHpzc (where the net surface charge of the FHR is negative), metal
precipitation becomes predominant in this range (pH > 6.75), as illustrated by the
speciation diagram (Figure 3) (Fathy et al., 2013; Nizam et al., 2022). Therefore, the
choice of pH 5 for the fixed-bed tests proved to be strategic: this value ensures the
maintenance of zinc in its soluble ionic form, preventing precipitation. It should be
noted that the adsorbent's performance is less due to the overall electrostatic
attraction, which would be limited by the positive net surface charge of the material at
pH 5, and more to specific chemical mechanisms, such as surface complexation and
ion exchange. Thus, the direct chemical coordination between the metal and the
functional sites of the biomass overcomes the macroscopic electrostatic barrier,
maintaining the efficiency of the process (Bhattacharya et al., 2006; Pietrobelli et al.,
2009).
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Figure 4. Point of zero charge of RRH and FRH

@ = RRH
0.024 o E
0
0.01 4
—m S ° e 4
E0.00 . %ooo 060 ﬁc:m o 0o oD@ o mo&m%%
3 / ’
]
-0.01 - ‘
-0.02 T T T T T T T T T T T
2 4 6 8 10 12
pH

Source: Authors (2026)

3.2.2. Surface groups

Based on the FTIR spectra for RRH and FRH, shown in Figure 5, a broad
absorption band is observed at 3438 cm-!, which corresponds to the vibrational
stretching of the O—H bond and is characteristic of water molecules, alcohols (cellulose
and hemicellulose), and phenols (lignin) (Genieva et al., 2008; Armynah et al., 2018).
Between 1247 and 1126 cm™', there is stretching of the C—O bond, typical of structural
ethers and alcohols in lignin, cellulose, and hemicellulose (Georgakopoulos, 2003;
Daffalla et al., 2010; Nandiyanto et al., 2019). The band at 906 cm-! is associated with
the C-O stretching of the 3-(1,4) glycosidic bond in cellulose (Yunus, 2019), while the
bands at 797, 727, and 656 cm™' result from C—H bending in aromatic structures, such
as the guaiacyl (G) and syringyl (S) rings in lignin (Purwaningsih et al., 2024).

The peaks at 2938 and 2859 cm™ are associated with the C—H stretching
vibrations of alkanes (methyl and methylene) (Abadi et al., 2015; Wang et al., 2015),
while the band at 1750 cm™' is related to the stretching of the C=0 bond in carbonyl
groups (hemicellulose) and appears exclusively in the RRH sample, evidencing
structural modifications resulting from the chemical functionalization process of the
FRH adsorbent (Zhang et al., 2014). This behavior can be attributed to the formation
ofthe R—COO~Na* compound, resulting from the alkaline hydrolysis of esters (R-COO-
R) and the ionization of carboxylic acids (R—COOH) in the presence of NaOH. This
hypothesis is supported by the bands observed at 1649 and 1438 cm', attributed
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respectively to the asymmetric and symmetric stretching of the COO™ group, although
they may also overlap with vibrations of aromatic compounds and C—H bending of
lignin and hemicellulose, such as at 1500 and 1373 cm™' (Oyerinde, Bello, 2016;
Hamidu et al., 2020; SAITO, Keisuke et al., 2022). Consequently, the released Na*
can act as an exchange cation with Zn?* (Mddenes et al., 2017).

The spectral regions at 566 and 475 cm-' reflect Si—O bending vibrations of
silicate groups present in the cell walls of rice husks (Yu et al., 2014; Saudi et al.,
2015), and the stretching of this bond is observed at 1063 cm' (Nakbanpote et al.,
2007; Abadi et al., 2015; Mohd Basri et al., 2021). Through the functionalization of
biomass by combining acid treatment (HsPO4) and alkaline (NaOH) treatments, the
amorphous silica (SiO;) released by the acid is depolymerized by the base in the
adsorbent’s cellulose matrix, generating SiO~ anions on its surface, which can favor
the formation of complexes with Zn?* cations (Zn-0O-Si) (Anseau et al., 2005; Naren
et al., 2011; CD et al., 2013; Shebl et al., 2016; Nelson et al., 2018). Thus, the
characteristic vibrational spectrum of FRH indicates the presence of compounds that
favor zinc adsorption, which are not observed in RRH. As a result, there is evidence
that ion exchange and surface complexation mechanisms occur in the solid's structure,

which may enhance its ability to remove the metal.

Figure 5. FTIR spectra of RRH and FRH
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3.3. Fixed-bed column

The breakthrough curves resulting from variations in the initial zinc
concentration in the column (with a 15 cm bed height) and in the bed height, at a metal
concentration of 5 meq L, are shown in Figure 6. From these, it can be observed that
an increase in the system’s initial concentration led to faster column saturation (Figure
6-a), while a decrease in the height of the adsorbent bed, for parameter variations
between 5 and 10 cm, accelerated column saturation (Figure 6-b). Both phenomena
are corroborated by various authors in the literature (Aichour et al., 2019; Renu et al.,
2020; Patel, 2020; Khalfa et al., 2021).

This behavior is also consistent with the short contact time between the fluid
phase and the bed, reflected in the estimated hydraulic residence time, equivalent to
2.36 min, which intensifies the system's sensitivity to the evaluated operating
conditions. Furthermore, it is noted that the mass transfer zone in all curves presents
an irregular and spread-out shape, a behavior that may be associated with the
influence of solute transport resistances, axial dispersion, and possible hydrodynamic
non-idealities along the bed. While the theoretical model indicates a well-defined front,
real column systems show a gradual change between the start of operation and
saturation (Patel, 2019; Taka et al., 2021).
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Figure 6. Zinc breakthrough curves for (a) Ht of 15 cm and Co at 3, 4 and 5 meq L' and (b) Co of
5meqL"andH:iat 5, 10 and 15 cm
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3.3.1. Column sizing

The sizing curves for different initial zinc concentrations (Figure 6-a) and bed
heights (Figure 6-b) are presented in Table 2 and Table 3, respectively. Although the
amount of adsorbent packed in the column was proportional to the established bed
height, slight mass adjustments were required to keep the H; parameter at the desired
value. This necessity stems from the heterogeneous nature of the FRH material and
its irregular distribution along the column, causing small differences in the
measurements of interstitial velocity, porosity, and bed density (Valverde; Griffiths,
2024).

According to Table 2, the increase in the initial zinc concentration resulted in a
decrease in the bed’s useful saturation time (is.), a characteristic attributed to the
accelerated occupation of the adsorbent’s active sites and the earlier exhaustion of
the column (Gilca et al., 2015). In contrast, the useful breakthrough time (t,,) exhibited

distinct behavior at concentrations of 4 and 5 meq L', showing a slight increase with
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higher metal dosages. This effect may be associated with the mass transfer zone
(MTZ) observed at 4 meq L' (Figure 6-a), which exhibited a slightly narrower profile in
the initial stages of the process, leading to an earlier breakthrough. This response
underscores the inherent complexity of real adsorption systems, in which mass
transfer resistances modulate the shape of the capture front and result in distinct

behaviors depending on operating conditions (Patel, 2019).

Table 2. Column sizing for Hi of 15 cm and Co at 3, 4 and 5 meq L™’

Parameter Co: 3 meq L™ Co: 4 meq L™ Co: 5 meq L™

gs (meq g) 0,79 0,78 0,83
gv (Mmeq g') 0,55 0,40 0,49
ts,u (Min) 69,59 55,53 48,11
to,u (min) 48,60 28,93 29,01
Hu (cm) 10,48 7,81 9,04
Hune, ZTM (cm) 4,52 7,19 5,96
ui (cm min-") 16,30 15,31 14,42

€8 0,3905 0,4159 0,4414

ps (g L) 112,90 112,89 113,04

mh (g cm™) 0,08867 0,08866 0,08878
n (%) 69,44 51,24 59,42

Source: Authors (2026)

Table 3. Column sizing for Co of 5 meg L' and Hiat 5, 10 and 15 cm

Parameter Hi: 5 cm Hi: 10 cm Hi: 15 cm
gs (meq g) 1,26 1,13 0,83
g (meq g') 0,28 0,76 0,49
ts,u (min) 23,97 47,61 48,11
to,u (min) 5,63 33,04 29,01
Hu (cm) 1,19 6,94 9,04
Huns, ZTM (cm) 3,81 3,06 5,96
ui (cm min-") 13,16 12,50 14,42
€8 0,4838 0,5093 0,4414
ps (g L") 111,28 123,76 113,04
mH (g cm™) 0,08740 0,0972 0,08878
n (%) 22,24 68,87 59,42

Source: Authors (2026)

In contrast, as shown in Table 3, the increase in bed height, accompanied by
an increase in adsorbent mass, prolonged the useful saturation time (ts ) of the bed,
as corroborated by Kalavathy et al. (2010). On the other hand, the useful breakthrough
time (t,,u) showed a slight reduction between bed heights of 10 and 15 cm, which may
be related to limitations in intraparticle transport and the occurrence of hydrodynamic
heterogeneities, such as stagnation zones or preferential pathways, in longer columns

(Kamolpornwijit et al., 2003; Knox et al., 2016; Mestri et al., 2023). Furthermore, in
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beds with lower compaction and under higher interstitial velocities, as observed in the
15 cm configuration, axial dispersion tends to occur more irregularly, whereas the
absence of a dense structure favors marked variations in the longitudinal concentration
profile, which reduces flow uniformity and leads to an earlier breakthrough point (Yun
et al., 2004; Taheri et al., 2012; Igwegbe et al., 2021).

The parameter associated with the mass transfer zone (MTZ), corresponding
to the unusable fraction of the bed (Hung), was higher at a concentration of 4 meq L
(7.19 cm) compared to those obtained for 3 meq L' (4.52 cm) and 5 meq L
(5.96 cm), indicating greater dispersion and elongation of the adsorption profile at the
intermediate zinc concentration, which resulted in lower utilization of the material along
the column (Mesfer et al., 2020). Similarly, in the test conducted with a 5 cm bed, the
ZTM reached 3.81 cm, a value substantially higher than that observed for 10 cm
(3.06 cm)and 15 cm (5.96 cm), revealing a considerably diffuse adsorption front, given
the difference in height between each system.

The total and breakthrough capacities of the column (gqs and qp) varied
according to the initial zinc concentration (Table 2). Consequently, efficiencies of
69.44%, 51.24% and 59.42% were obtained for the tests with metal concentrations of
3,4, and 5 meq L, respectively. These performance values, in turn, were higher than
those reported by other authors regarding zinc adsorption in a column. This is the case
for De Freitas et al. (2017), using expanded vermiculite (2.9% at 4 meq L™, 10.1% at
6 meq L', 3.4% at 8 meq L"), and for Manninen et al. (2024), using activated steel
mill residues (17.5% at 2.5 meq L, 13.1% at 3 meq L"). Therefore, the efficiency of
the FRH bed proved satisfactory, especially for the initial zinc concentration of
3 meqlL".

Similarly, the parameters qs and q, showed considerable differences depending
on the bed height (Table 3), with efficiencies of 22.24%, 68.87%, and 59.42% obtained
for the 5, 10 and 15 cm columns, respectively. These results were found to be relevant
when compared to studies reported in the literature for the same biomass, especially
for the 10 cm bed height. This is the case with the research conducted by Alalwan et
al. (2018) on the adsorption of Ti* ions by raw rice husks (0.33%, at 5 and 7 cm), and
by Vieira et al. (2014) on the removal of Pb?* (45.2%, at 14 cm) and Cu?* (39.2%, at
14 cm) using rice husk ash.

Based on these findings, the most favorable column adsorption conditions were
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obtained from an initial zinc concentration of 3 meq L' (15 cm) and a bed height of
10 cm (5 meq L"), with estimated efficiencies of 69.44% and 68.87%, respectively.
These values were higher than those reported in the literature, even under conditions

where the breakthrough time was estimated at a higher C/Cy ratio. Based on this, it is

evident that both the concentration of the metal solution and the bed length are
determining factors for column performance, directly influencing the total and useful

capacity of the system.
3.3.2. Kinetic modeling of the column

The kinetic modeling of the breakthrough curves for different initial zinc
concentrations and bed heights is presented in Table 4 and Table 5, respectively. It is
observed that all evaluated models were able to satisfactorily describe the
experimental profiles of the breakthrough curves under the different conditions studied
and that the statistical parameters of Thomas and Yoon-Nelson were similar, whereas
both equations are mathematically equivalent for single-component adsorption
systems. However, the MDR formulation showed more consistent performance in the
15 cm column at concentrations of 4 and 5 meq L', as well as for the initial solution
containing 5 meq L' of zinc in 5 and 10 cm beds. Under these conditions, higher
coefficients of determination (R?), accompanied by lower values of the objective
function (OF) and the mean absolute error (MAE), were observed.

In the MDR model, the aupr parameter is associated with the slope of the
breakthrough curve, governing the thickness of the mass transfer zone (MTZ) and
reflecting the degree of homogeneity of adsorption across the bed. This becomes
evident in the linearized form of the model (Eq. (31)), where aMDRcorresponds to the
slope of the line (Ordonez et al., 2022; Viotti et al., 2024). Therefore, lower values of
aMDR are related to a less abrupt and more diffuse adsorption front, as confirmed by
the shape of the MTZ for the 5 cm bed at 5 meq L' (avpr: 6.58) (Figure 6-b) and the
15 cm bed at 4 meq L' (awpr: 8.57) (Figure 6-a).

in (CC_—C) = aypr IN(CoFt) — ayprln (Mqupr) (31)
0
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Table 4. Column kinetic parameters for H; of 15 cm and Co at 3, 4 and 5 meq L

Model Parameters Co: 3 meq L™ Co: 4 meq L™ Co: 5meq L'
ke (L meq™" min-") 0,05 + 0,00 0,04 + 0,00 0,05 + 0,00
qs (meq g) 0,78 + 0,00 0,78 + 0,00 0,83 + 0,00
Thomas R2 0,9983 0,9990 0,9982
OF 0,0148 0,0092 0,0121
MAE 0,0114 0,0109 0,0109
kyn (min) 0,16 + 0,01 0,16 + 0,00 0,23 + 0,01
7 (min) 67,96 + 0,25 54,88 + 0,20 47,24 + 0,23
Yoon-Nelson R2 0,9983 0,9990 0,9982
OF 0,0148 0,0092 0,0121
MAE 0,0116 0,0108 0,0110
OMDR 10,85 + 0,28 8,57 £ 0,23 10,85 * 0,35
qvor (Meq g) 0,78 + 0,00 0,78 + 0,00 0,82 £ 0,00
MDR R2 0,9991 0,9991 0,9992
OF 0,0075 0,0079 0,0079
MAE 0,0081 0,0074 0,0089
Kas (L meq™ min) 0,05 + 0,00 0,04 + 0,00 0,05 + 0,00
R2 0,9972 0,9983 0,9981
Adams-Bohart OF 0,0248 0,0094 0,0128
MAE 0,0121 0,0109 0,0107
KapsT (L meq™ min") 0,05 + 0,00 0,04 + 0,00 0,05 + 0,00
R2 0,9982 0,9990 0,9964
BDST OF 0,0159 0,0094 0,0165
MAE 0,0113 0,0108 0,0121
Ac 44,13 %0,77 1171,68 + 68 320 + 11,02
rc (min) 0,11 + 0,01 0,14 + 0,01 0,17 + 0,02
N 1,03 £ 0,01 1,66 + 0,06 1,15 + 0,07
Clark R2 0,9994 0,9991 0,9987
OF 0,0055 0,0083 0,0079
MAE 0,0066 0,0090 0,0090

Source: Authors (2026)

The maximum adsorption capacity estimated by the model (qupr) was found to
be considerably close to the experimentally calculated value (qe¢). This agreement is
attributed to the fact that the MDR equation explicitly accounts for the influence of
medium heterogeneity on the process kinetics, allowing the breakthrough curve to be
adjusted to adequately represent both the diffusion-governed stages and those
associated with the saturation of the adsorbent bed (Song et al., 2011; Xu et al., 2013).
The mean relative deviation (RDmean) between the theoretical and experimental
parameters, for each evaluated configuration, is shown in Table 6, with the largest
deviation observed for the 5 cm column at 5 meq L' (3.17%). In this arrangement,

guor presented the best value among the analyzed conditions, equivalent to
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1.22 meq g', while avpr reached a magnitude of 6.58. Both constants were higher than
those reported by other authors, as shown in Table 7. However, this analysis is
qualitative in nature, since factors such as initial concentration, flow rate, bed height,

and the nature of the metal directly influence the model parameters.

Table 5. Column kinetic parameters for Co of 5 meq L' and Hi at 5, 10 and 15 cm

Model Parameters H¢: 5cm H¢: 10 cm H¢: 15 cm

ke (L meg-' min-1) 0,06 0,00 0,05 + 0,00 0,05 0,00

g (Mmeq g) 1,24 + 0,01 1,12 + 0,01 0,83 + 0,00
Thomas R2 0,9934 0,9957 0,9982
OF 0,0147 0,0171 0,0121
MAE 0,0207 0,0170 0,0109

ko (Min-T) 0,29 % 0,02 0,23 % 0,01 0,23 £ 0,01

7 (min) 23,08 + 0,21 46,45 + 0,31 47,24 + 0,23
Yoon-Nelson R? 0,9934 0,9962 0,9982
OF 0,0148 0,0171 0,0121
MAE 0,0209 0,0169 0,0110

avoR 6,58 £ 0,18 10,63 £ 0,57 10,85 £ 0,35

qwor (meq g) 1,22 + 0,01 1,11 % 0,01 0,82 £ 0,00
MDR R? 0,9984 0,9973 0,9992
OF 0,0046 0,0124 0,0079
MAE 0,0123 0,0136 0,0089

Kag (L meq min-) 0,06 % 0,00 0,05 £ 0,00 0,05 £ 0,00
R? 0,9858 0,9906 0,9981
Adams-Bohart OF 0,0423 0,0436 0,0128
MAE 0,0270 0,0198 0,0107

Kepst (L meq-' min-) 0,06 + 0,00 0,05 + 0,00 0,05 £ 0,00
BDST R? 0,9902 0,9943 0,9964
OF 0,0222 0,0263 0,0165
MAE 0,0236 0,0170 0,0121

Ac 0,65 + 0,02 423,32+ 18,85 320 + 11,02

re (min-") 0,20 + 0,01 0,17 £ 0,02 0,17 + 0,02

ne 1,01 + 0,00 1,20 + 0,11 1,15 + 0,07
Clark R2 0,9970 0,9973 0,9987
OF 0,0058 0,0125 0,0079
MAE 0,0135 0,0139 0,0090

Source: Authors (2026)

Although the MDR model indicated a high adsorption capacity for the 5 cm
column at 5 meq L', with good agreement with the experimental value (qe), this result
did not translate into high operational performance of the system. For this condition,
the removal efficiency was only 22.24%, showing that the maximum capacity estimated
by the model essentially represents the intrinsic potential of the material, while the

removal efficiency is directly associated with the utilization of the bed over the
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operating time. Thus, it is observed that a high adsorption capacity does not
necessarily imply better process performance in continuous regime, since
hydrodynamic limitations and the rapid formation of the mass transfer zone can

significantly reduce the overall efficiency of the column.

Table 6. Average relative deviation between ge and gmpr

Co (meq L") Ht (cm) g. (meq g™ quor (meq g™') RD mean (%)
3 15 0,79 0,78 1,27
4 15 0,78 0,78 0,00
5 15 0,83 0,82 1,20
5 5 1,26 1,22 3,17
5 10 1,13 1,11 1,77

Source: Authors (2026)

On the other hand, Clark’s model showed the best fit with the breakthrough
curve from 15 cm to 3 meq L™, achieving a high coefficient of determination (0.9970),
low OF error (0.0055), and a reduced MAE parameter value (0.0066). Its formulation
adopts the assumptions of the Freundlich batch isotherm (heterogeneous surface,
Nr > 1) and assumes that mass transfer resistance in the fluid film is the rate-limiting
step of the process, allowing the dynamic behavior of the column to be estimated
(Vazquez et al., 2009). The parameter ng, related to the intensity of the adsorption
process, was incorporated into the model as an adjustable constant, with a value of
1.03, and characterized favorable behavior for zinc removal. This approach helps
reduce operational discrepancies, considering that in a batch system the initial solute
concentration decreases gradually, while in continuous-flow columns it remains
practically stable (Hu et al., 2020).

The constant rc  (0.11 min™"), which represents the adsorption rate along the
column, also indicates the slope of the MTZ on the breakthrough curve, as
corroborated by the linearization of the Clark model (Eq. (32)), in which the parameter
corresponds to the slope of the line (Faraj et al., 2020; Futalan, Wan, 2022; Din et al.,
2024; Pan, Zhang, 2025). Its magnitude is supported by the shape of the adsorption
front observed in the 15 cm at 3 meq L' setup (Figure 6-a) and is relatively high when
compared to other studies in the literature, as shown in Table 8, whose analysis is
qualitative. The coefficient Ac (44.13), present in the independent term of Eq. (32), is
related to the initial conditions of the system and the bed capacity prior to the

breakthrough point, increasing exponentially with rc and t, and decreasing gradually
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with the breakthrough concentration (Xu et al., 2013; Wang et al., 2015).

In [(%)n_l — 1] =1t—In(4,)

(32)

Table 7. MDR model parameters in different studies in the literature

Metal Adsorbent (f:;edr::g:‘gs MDR parameters Reference
F: 6 mL min-! gmor: 0,544 meq g
Th4* Orange peels Co: 0,95 meq L awvor: 1,58 Gho}:k:‘:r:?;:héom
Hi: 6 cm R2: 0,98 ’
F: 1 mL min- gmor: 0,438 meq g
Pb2* Date seed biochar Co: 1,0 meq L! awmpR: 2,7 Mahdi et al., 2018
Ht: 5 cm R2 0,95
F: 2 mL min™’
Co: 0.00692 gmor: 0,256 meq g
Cré+ Spruce sawdust r.ne,q L omDR: 2,48 Politi, Sidiras, 2020
Ht: 15 cm i
Activated F: 8 mL min- gmor: 0,120 meq g .
Cu?* charcoal from Co: 1,888 meq L awvor: 1,99 Mohsezn(,)zCZhamm,
date seeds He: 15 cm R2: 0,92
F: 10 mL min-’ gmpr: 0,398 meq g* .
Cuz Peanutshells  Co: 0,472 meq L' awor: 4,68 Ba”eggfget al.
Ht: 10 cm R2: 0,91
F: 5 mL min- gmor: 0,802 meq g-*
Cdz* Date seed biochar Co: 2,0 meq L ampr: 6,30 Sara\;zlanglc();rznar et
Ht: 10 cm R2: 0,99 N
F: 5 mL min™ gmor: 1,22 meq g**
Zn% FRH Co: 5,0 meq L™ Ompr: 6,58 This study
He: 5cm R2: 0,99

Source: Authors (2026)

Thus, it is observed that the FRH adsorbent bed showed better agreement with

the MDR and Clark kinetic models, exhibiting a maximum adsorption capacity (Qmor:

1.22 meq g') (5 cm; 5 meq L) (Table 5) significantly higher than that reported in

similar studies (Table 7), in addition to a high adsorption rate (rc: 0.11 min™) (15 cm;

3meq L") (Table 4). The predominance of these adjustments indicates that the column's

behavior was influenced by hydrodynamic phenomena and resistance to solute transport,

evidenced by imegular mass transfer zones, gradual saturation progression, and more dispersed

rupture profiles. Under these conditions, the MDR model showed a greater capacity to describe the

non-homogeneous propagation of the adsorption front, a characteristic associated with axial

dispersion, channeling, and intemal diffusional limitations. In contrast, Clark's formulation proved

compatible with the non-uniform energy distribution of the active sites and the predominance of
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resistance in the outer film, aspects consistent with the surface heterogeneity of the material and with

the experimental behavior observed during continuous operation (Faraj et al., 2020; Viotti et al.,

2024).

These results demonstrate the material’s significant performance in removing

Zn?* jons in a continuous system, with kinetic parameters that outperform those

described in the literature. Compared with previous studies involving rice husks, this

work included a comprehensive analysis of the material’s behavior under continuous

conditions and provided relevant parameters for future industrial-scale applications in

the treatment of effluents containing heavy metals.

Table 8. Clark model parameters in different studies in the literature

Operating

Metal Adsorbent conditions Clark parameters Reference
. Ac: 6,38
F: 1,6 mL min-! _ o
Zn?* Mushroom biochar Co: 6 meq L’ fe: 0,028 min” Abdaliah et al.,
He 2.5 om nr:1,60 2019
be R2:0,99
F: 15 mL min" _A; 5171’9.2 _1 /
cuz Rice husks Co: 0,315 meq L1 fe: 2,013 min Sarma et al.,
I-,I' 10 em ne: 2,0 2015
i R2: 0,99
F: 8 mL min-’ iy (')A\E):OOE‘;Srr:in'1 Nourmohammadi
Ni2* Pomegranate peels Co: 0,403 meq L “ n, 417 Dehbalaei et al.,
. F. 1,
Ht: 18 cm R2 0.95 2025
. Ac: 4371
F: 7 mL min-! ’
™ . in-1
crer MOd'Z‘;’]‘ili’ea”“t Co: 5,7 meq L fe ?\’9%352'” Ma et al., 2020
) F. &,
Ht: 2,2 cm RZ: 0,09
F: 10 mL min- re: (')6\8023’3n21in_1 Acheampong et
Cu2+ Coconut shells Co: 0,315 meq L o pong
He 15 om Ne: 2,22 al., 2013
i R2: 0,99
Biomass of F: 14 mL min-! ; 65:81248;:;_1 Pakshirajan,
Pb2* Phanerochaete Co: 0,315 meq L “ n 0.5 Swaminathan,
chrysosporium Ht: 27,5 cm o 2006
R2: 0,99
F: 5 mL min" ) 56:1‘:4;:;_1
Zn* FRH Co: 3,0 meq L °'n’_ 1.03 This study
. F- 1,
Hi: 15 cm 0,99

Source: Authors (2026)
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3.4. Disposal of saturated adsorbent

Regeneration of the saturated adsorbent represents a relevant step for the
viability of the process on a continuous scale, potentially enabling both the partial
recovery of adsorbed Zn?* and the reuse of the FRH in successive operating cycles.
The desorption of heavy metals in biomaterials and lignocellulosic adsorbents is
frequently conducted using dilute acidic eluents, such as HCI, H2SO4, or HNOs at low
concentrations, which promote the protonation of active sites and the consequent
release of the metal ion (Mckinley, Ghahreman, 2018; Sithole, 2024). Alternatively,
concentrated saline solutions, such as NaCl or CaClz, can also be used for ion shifting,
depending on the predominant adsorption mechanism (Muscarella et al., 2021).
Although regeneration tests were not performed in this study, such approaches are
widely used to assess regeneration efficiency, progressive loss of adsorptive capacity,
structural stability of the material, and eventual leaching of lignocellulosic matrix
components throughout adsorption-desorption cycles (Lindholm-Lehto, 2019;
Charazinska et al., 2022).

When chemical regeneration is not technically efficient or when a sharp drop in
adsorptive capacity occurs after multiple cycles, the saturated adsorbent should be
directed to stabilization strategies and controlled final disposal. In these cases,
processes such as encapsulation in a cementitious matrix or inertization can be
employed, reducing the mobility of Zn?* and limiting its solubilization under adverse
environmental conditions (Chen et al., 2009; Liu et al., 2023). Alternatively, when
technically feasible, zinc recovery can be integrated into hydrometallurgical routes,
allowing its reintroduction into production chains (Williamson et al., 2020; Ozturk,
2025). In the absence of these alternatives, disposal in licensed industrial landfills
remains the final option, provided that current environmental regulations for waste

containing potentially toxic metals are met (Krishnan et al., 2021).

4. CONCLUSION

This study evaluated the efficiency of functionalized rice husks (FRH) in
removing Zn?* ions in a fixed-bed column system, aiming at application in the tertiary
treatment of water and wastewater. The results demonstrated the material’s high
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efficiency in adsorbing the metal under different operating conditions. The FRH
adsorbent, enriched with functional groups that enhance affinity for Zn?* ions (SiO- and
R-COO"Na*), exhibited high efficiency in metal removal in a fixed-bed column. Tests
conducted at pH 5 demonstrated that increasing the initial zinc concentration reduced
the bed saturation time, while increasing the column height increased the value of this
parameter. Significant efficiencies were observed for beds of 15 cm at 3 meq L
(69.44%) and 10 cm at 5 meq L' (68.87%), while a maximum adsorption capacity of
1.22 meq g' was calculated for the 5 cm bed at 5 meq L™, as adjusted by the MDR
model. These results highlight the potential for using functionalized rice husks (FRH)
as an effective and economically viable alternative for the tertiary treatment of water
and effluents on a large scale. It is worth noting that, although conducted under
controlled conditions, tests with synthetic solutions do not encompass the complexity
of real effluents or multicomponent systems. Furthermore, the absence of
regeneration, hydraulic, and mechanical stability assessments limits direct application
on an industrial scale. Even so, the study provides useful preliminary parameters to

guide future pilot-scale tests and technical and economic feasibility analyses.

5. CONSIDERATIONS FOR FUTURE WORK

Future investigations should focus on the transition to continuous operation on
a pilot scale, including evaluating the hydraulic behavior of the fixed bed and defining
design criteria. Preliminary sizing studies are also recommended, relating adsorptive
capacity and adsorbent mass per treated volume, as well as investigating the
regeneration and reuse of the adsorbent material. Additionally, the operational stability
of the system under dynamic conditions should be evaluated to support the application

and feasibility of the process on a larger scale.
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LIST OF SYMBOLS

[OH7, [H+] Concentration of hydroxyl and hydrogen ions (mol L")

OMDR Exponential constant of the MDR model

C Adsorbate concentration at the column outlet (meq L)

Co Adsorbate concentration at the column inlet (meq L")

Ca Cs Acid and base concentration in the adsorbent titration (mol L")
Co Column breakthrough concentration (meq L)

Cs Adsorbent concentration in the titration (mol g)

RDmean Mean relative deviation (%)

€L Bed porosity

F Column feed flow rate (L min)

Hi Total bed height (cm)

Huns Unused bed height (cm)

Hu Useful bed height (cm)

Kas Adams—Bohart kinetic constant (L min"* meq™)

Kepst BDST kinetic constant (L min-' meq')

ki Thomas kinetic constant (L meq! min-1)

kyn Yoon-Nelson kinetic constant (min1)

m Mass of adsorbent in the column (g)

MH Ratio between adsorbent mass and total bed height (g cm-")
n Number of experimental points

n Column efficiency (%)

NF Freundlich adsorption intensity coefficient

Q Surface charge of the adsorbent (mol g)

ds Useful adsorption capacity at column saturation (meq g-')
db Useful adsorption capacity at column breakthrough (meq g')
Qe Equilibrium adsorption capacity (meq g-')

Je,exp Equilibrium adsorption capacity analytically calculated (meq g)
Je.cal Equilibrium adsorption capacity calculated by the model (meq g-')
QMDR Maximum MDR adsorption capacity (meq g)

qr Maximum Thomas adsorption capacity (meq g)

rc Clark model parameter (min)

t Column adsorption time (s)

ts Instantaneous total column time (min)

ts.u Useful total column time (min)

to Instantaneous column breakthrough time (min)

tou Useful column breakthrough time (min)

T Contact time for 50% column breakthrough (min)

Ui Interstitial velocity (cm min-1)

Va Volume of adsorbent in the bed (L)

Vi Total bed volume (L)

V, Void volume in the bed (L)

Yoy Parameter experimentally and model calculated

pL Bed density (g L)

Ane, Bre Adams-Bohart parameters

0aB, Bas
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